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INTRODUCTION 

The goal  of  t h i s  i n v e s t i g a t i o n  i s  t o  develop a method of  producing a 
nonagglomerating f u e l  from s t r o n g l y  caking  c o a l s .  
used i n  a f l u i d i z e d - b e d  g a s i f i e r  o r  hydrogenator  t o  make methane. The s t r o n g l y  
c a k i n g  c o a l s ,  found mainly i n  E a s t e r n  United S t a t e s  where t h e  l a r g e  market f o r  
g a s  e x i s t s ,  become p l a s t i c  and cake when h e a t e d  t o  g a s i f i c a t i o n  temperatures,. 

An e a r l i e r  paper d e s c r i b e d  a method of  o p e r a t i n g  w i t h  a b a t c h  charge of '  
c o a l  i n  a f lu id-bed  sys tem. l /  The caking  p r o p e r t i e s  of  P i t t s b u r g h  seam c o a l  
and o t h e r  h i g h l y  c a k i n g  c o a l s  were des t royed  a t  400" t o  425' C by f l u i d i z i n g  
f i n e  c o a l  (18-100 mesh) w i t h  steam o r  n i t r o g e n  which c o n t a i n  a t  least  0 .2  
p e r c e n t  oxygen. 
be produced i n  about  5 minutes .  The s u r f a c e  of  t h e  char  was m a d e  noncalcing 
i n  about  1 minute .  It was found t h a t  t h e  c o a l  must be h e a t e d  by t h e  f l u i d i z i n g  
g a s  and n o t  through t h e  r e a c t o r  w a l l  t o  avoid  agglomerat ing i n  t h e  p r e t r e a t i n g  
v e s s e l .  

This  f u e l  then could be 

I n  t h e  b a t c h  system a thoroughly nonagglomerat ing char  could 

The c r i t e r i a  adopted t o  i n d i c a t e  t h a t  t h e  p r e t r e a t m e n t  wa's s u c c e s s f u l  i n  
these cont inuous t e s t s  a r e :  

1. Good f l u i d i z a t i o n  must be  main ta ined  i n  t h e  p r e t r e a t i n g  r e a c t o r  
a t  t h e  tempera ture  employed. 

2.  The f r e e - s w e l l i n g  index  (FSI) of t h e  r e s u l t i n g  c h a r  must be less 
than 2 .  

3. The char  must be noncaking when s u b j e c t e d  t o  a hydrogen t rea tment  
a t  600' C .  

A l l  t h r e e  c o n d i t i o n s  must be s a t i s f i e d  b e f o r e  t h e  char  i s  cons idered  non- 
c a k i n g .  The f r e e - s w e l l i n g  index ,  w h i l e  n o t  a d i r e c t  measurement of agglom- 
e r a t i o n  p r o p e r t i e s ,  does i d i c a t e  t h e  change i n  t h i s  p r o p e r t y .  For example, 
t h e  FSI o f  P i t t s b u r g h  seam c o a l ,  a h i g h - v o l a t i l e  A bi tuminous c o a l ,  is  about  
8 ,  and a f t e r  s u c c e s s f u l  p r e t r e a t m e n t ,  l e s s  than 2 .  

To opt imize  t h e  p r e t r e a t m e n t ,  t h e  fo l lowing  informat ion  was t o  b e  d e r i v e d  
from t h e  experiments  w i t h  cont inuous f e e d  of  c o a l  and d i s c h a r g e  of  char :  
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1. The minimum r e s i d e n c e  t i m e  of  t h e  c o a l .  
2 .  The minimum temperature .  
3 .  The minimum oxygen-to-coal feed r a t i o .  
4 .  The minimum weight  loss.  
5 .  The optimum mesh s i z e  o f  c o a l .  
6 .  The e f f e c t  of  p r e s s u r e .  
7 .  The q u a l i t y  of t h e  o f f g a s .  

APPARATUS AND EXPERIMENTATION 

The f lowsheet  of  the cont inuous  u n i t  i s  shown i n  f i g u r e  1. Nitrogen o r  
steam p l u s  a i r  was used as t h e  f l u i d i z i n g  medium. Coal f e e d  is  semicontinuous 
i n  t h a t  t h e  feeder  d e l i v e r s  b a t c h e s  a t  t h e  ra te  of  about  8 t o  20 per  minute ,  
producing a feed  r a t e  o f  120  t o  900 grams per hour .  T h i s  c o a l  i s  conveyed t o  
t h e  bottom of t h e  r e a c t o r  by t h e  feed gas .  
lower s i d e  a r m w h i l e  t h e  g a s e s ,  t a r s ,  and d u s t s  a r e  d ischarged  from t h e  upper 
one.  The r e a c t o r  i s  a s t a i n l e s s  s t e e l  tube  of  1- inch  d i a m e t e r ,  w i t h  the ex- 
panded s e c t i o n  a t  t h e  t o p  2 inches  i n  d iameter .  The 29-inch s e c t i o n  con- 
t a i n i n g  t h e  bed of c o a l  i s  h e a t e d  e l e c t r i c a l l y .  A manometer i n d i c a t e s  t h e  
p r e s s u r e  drop developed o v e r  t h e  c o a l  bed. 
f i x e d ,  t h e  r e s i d e n c e  t i m e  o f  t h e  c o a l  depends on t h e  ra te  of c o a l  feed .  

The char  i s  d ischarged  from t h e  

Because t h e  h e i g h t  of t h e  bed i s  

DISCUSSION OF RESULTS 

More d r a s t i c  p r e t r e a t m e n t  w a s  r e q u i r e d  t o  d e s t r o y  t h e  caking  p r o p e r t i e s  
of c o a l  i n  t h e  u n i t  w i t h  cont inuous  f e e d  and d i s c h a r g e  of  s o l i d s  than i n  
comparable ba tch  o p e r a t i o n s  r e p o r t e d  p r e v i o u s l y .  Due t o  t h e  back-mixing o f  

1 f r e s h  and t r e a t e d  material ,  some p a r t i c l e s  remain i n  t h e  r e a c t i o n  zone a 
r e l a t i v e l y  s h o r t  t i m e  and o t h e r s  f o r  a much longer  t i m e .  Thus t h e  t rea tment  
must be s e v e r e  enough t o  c o n v e r t  those  p a r t i c l e  which are i n  t h e  r e a c t o r  f o r  
a v e r y  s h o r t  t i m e .  

F igure  2 shows t h e  r e s u l t s  of t e s t s  i n  which t h e  temperature  of t h e  bed 
was v a r i e d  from 410' t o  450" C and t h e  oxygen c o n t e n t  of t h e  i n e r t  gas used 
f o r  p r e t r e a t i n g  w a s  1 .4  and 2.3 percent  d u r i n g  p r e t r e a t m e n t .  Nonagglmera t ing  
c h a r  was produced i n  o n l y  two of t h e s e  t e s t s .  
of 2 .3  p e r c e n t  and tempera tures  of 440' t o  450' C ,  whereas o n l y  0.2 p e r c e n t  
oxygen i n  t h e  f l u i d i z i n g  g a s  was needed i n  t h e  b a t c h  t es t s .  With a lower 
oxygen c o n t e n t  of  1 . 4  p e r c e n t ,  t h e  chars  produced a t  440' C caked i n  t h e  
r e a c t o r .  The h igher  oxygen c o n t e n t  is n e c e s s a r y  i n  t h e  cont inuous tests 
because t h e r e  is a c o n s t a n t  f e e d  o f  raw c o a l  and a g r e a t e r  inventory  of  c o a l  
i n  t h e  bed t e s t s .  

These employed an oxygen content  

The reason t h e  c h a r s  cake  d h r i n g  pre t rea tment  a t  t h e  h i g h e r  temperatures  
b u t  no t  a t  t h e  lower o n e s ,  as demonstrated i n  f i g u r e  2 by t h e  1 .4-percent  
oxygen parameter ,  may be e x p l a i n e d  w i t h  t h e  photographs o f  c h a r s  shown i n  
f i g u r e  3 .  
p a r t i c l e s  s t i c k  t o  t h e  l a r g e r  ones .  

A t  410" C t h e  p a r t i c l e s  a r e  d i s c r e t e ,  bu t  a t  435' C t h e  smal le r  
It i s  b e l i e v e d  t h a t  more of  t h e  v i s c o u s ,  
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t a r r y  material  exudes from t h e  i n s i d e  of  t h e  l a r g e  p a r t i c l e s  a t  t h e  higher  
tempera ture .  Once t h e  l i m i t e d  amount of oxygen i n  t h e  gas  h a s  been consumed, 
t h e r e  i s  none t o  o x i d i z e  t h i s  a d d i t i o n a l  v i s c o u s  m a t e r i a l  and t h e  p a r t i c l e s  
s t i c k  t o g e t h e r .  The s m a l l e r  p a r t i c l e s  a r e  rendered noncaking more r a p i d l y  
than the l a r g e r  p a r t i c l e s ,  so they d i d  n o t  s t i c k  t o  each o t h e r ,  but only t o  
t h e  l a r g e  p a r t i c l e s .  

F igure  4 shows t h e  e f f e c t  on t h e  FSI o f  v a r y i n g  t h e  r e s i d e n c e  t i m e  from 
9 t o  34 minutes  whi le  h o l d i n g  t h e  oxygen-to-coal r a t i o  c o n s t a n t  a t  about  0 .2  
c u b i c  f o o t  per  pound of  c o a l .  Temperature parameters  were 420° ,  430", 440', 
and 450" C .  A t  t h i s  oxygen c o n t e n t ,  a minimum of  about  25 minutes  i s  needed 
t o  make noncaking char  a t  440" C .  The t i m e  could  n o t  b e  decreased  a t  t h i s  
oxygen-to-coal r a t i o  by i n c r e a s i n g  t h e  temperature  because a t  450' C t h e  c h a r  
caked i n  t h e  r e a c t o r  d u r i n g  t r e a t m e n t .  F igure  5 shows t h e  same type p l o t  u s i n g  
an oxygen-to-coal  r a t io  of  about  0 .3 .  A r e s i d e n c e  t i m e  of  o n l y  7 minutes  
was adequate  t o  render  t h e  c o a l  noncaking a t  440" C ,  and leos than 7 minutes  
a t  450' C .  

A s  shown i n  f i g u r e  5 ,  t h e  percentage of v o l a t i l e  matter i n  the  char  de- 
c r e a s e s  w i t h  i n c r e a s i n g  pre t rea tment  temperature  and r e s i d e n c e  t ime.  A t  1 4  
minutes  t h e  v o l a t i l e  matter c o n t e n t  of t h e  char  i s  29 p e r c e n t  a t  420' C ,  and 
i s  23 percent  a t  450" C .  A f t e r  34 minutes  t h e  v o l a t i l e  m a t t e r  i s  26 p e r c e n t  
a t  420" C and 2 1  p e r c e n t  a t  450" C .  

S ince  t h e  char  from P i t t s b u r g h  seam c o a l  i s  noncaking when i t s  FSI  i s  
decreased  t o  1-1/2,  a l l  t h e  d a t a  y i e l d i n g  t h i s  FSI a t  420°, 430', and 440' C 
ob ta ined  a t  v a r i o u s  r e s i d e n c e  t i m e s  and oxygen-to-coal  r a t i o s  were c r o s s -  
p l o t t e d  as shown i n  f i g u r e  6. I f  a r e s i d e n c e  time of  5 minutes  i s  d e s i r e d ,  
t h e  r e q u i r e d  oxygen-to-coal  r a t i o  i s  about  0.40 when o p e r a t i n g  a t  430" C .  
Lower temperatures  r e s u l t e d  i n  a much h igher  oxyzen-to-coal  r a t i o  o r  a longer  
r e s i d e n c e  t ime.  

1 

Figure  7 shows t h e  e f f e c t  o f  temperature  on t h e  FSI and v o l a t i l e  m a t t e r  
of  char  from P i t t s b u r g h  seam c o a l  f o r  f o u r  d i f f e r e n t  p a r t i c l e  s i z e s  a t  a 
c o n s t a n t  r e s i d e n c e  t i m e  o f  1 4  minutes .  The oxygen-to-coal f e e d  r a t i o  was 
c o n s t a n t  a t  0 . 3  cubic  f o o t  oxygen per pound o f  c o a l .  For t h e  18-48 mesh s i z e  
t h e  FSI decreased  r a p i d l y  from 6-1/2 a t  410' t o  1 a t  440" C .  Lower f r e e -  
s w e l l i n g  v a l u e s  were obta ined  w i t h  d e c r e a s i n g  s i z e s  o f  p a r t i c l e s  t r e a t e d  a t  
s i m i l a r  t empera tures ;  f o r  example, f o r  t h e  150-200 mesh t h e  i n d i c e s  wer-e 
1 a t  410" C and noncaking (NC) a t  450" C .  These r e s u l t s  show how much more 
r e a d i l y  t h e  f i n e r  c o a l  s i z e s  can be p r e t r e a t e d .  

Loss of  v o l a t i l e  m a t t e r  i s  more r a p i d  f o r  t h e  s m a l l  p a r t i c l e s  than t h e  
c o a r s e r  s i z e s .  Also,  a s  a n t i c i p a t e d ,  t h e  l o s s  o f  v o l a t i l e s  i n c r e a s e s  with 
i n c r e a s i n g  tempera tures .  The l o s s  of v o l a t i l e  m a t t e r  of 18-48 and 48-100 mesh 
s i z e s  f o r  s a t i s f a c t o r y  decaking o f  coa l  i s  about  10 p e r c e n t .  T h i s  i s  roughly  
e q u i v a l e n t  t o  t h e  weight  l o s s  and t o  t h e  l o s s  i n  h e a t i n g  v a l u e  o f  t h e  c o a l .  
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Since  t h e  f i n e r  s i z e  p a r t i c l e s  r e q u i r e  l e s s  d r a s t i c  t r ea tmen t ,  an a t tempt  

A s  shown i n  f i g u r e  8 ,  t h e  oxygen-to-coal  r a t i o  va r i ed  from 
was made t o  show t h a t  t h e  oxygen needed f o r  p re t r ea tmen t  va r i ed  w i t h  t h e  , 

p a r t i c l e  d i ame te r .  
0.42 f o r  t he  18-48 mesh t o  0.06 f o r  t he  150-200 mesh. This  theory  was par-  
t i a l l y  s u c c e s s f u l ,  bu t  t h e  f i n e r  mesh s i z e s  caked i n  the  r e a c t o r  when the  
bed tempera ture  was r a i s e d  above 430' C .  The mesh s i z e s  f i n e r  than 100 mesh 
were more d i f f i c u l t  t o  f l u i d i z e .  

F igure  9 shows t h e  e f f e c t  of tempera ture  on the  q u a l i t y  of o f f g a s  made 
d u r i n g  p re t r ea tmen t  w i t h  steam plus  a i r .  The oxygen-to-coal  feed  r a t i o  was 
0 .4  cubic  f o o t  pe r  pound. The q u a n t i t y  of methane and h igher  hydrocarbons 
inc reased  w i t h  i n c r e a s i n g  tempera tures .  The y i e l d s  of carbon oxides  increased  
s l i g h t l y ,  bu t  t he  hydrogen y i e l d  remained cons t an t  a t  about  0 .2  cc/gram. 
S i m i l a r  r e s u l t s  were ob ta ined  i n  the  ba tch  t e s t s  except  t h a t  t h e  y i e l d  of 
hydrogen (about 66 cc/gram i n  t h e  ba tch  t e s t s )  i s  lower i n  the  cont inuous 
o p e r a t i o n ,  probably because t h e  oxygen needed t o  t r e a t  t he  c o a l  r e a c t e d  wi th  
t h e  hydrogen. 

Table  1 shows a n a l y s i s  of c o a l  and c h a r s  used i n  the  above t e s t s .  As 
i n  t h e  ba t ch  t e s t s ,  t h e  oxygen c o n t e n t  i s  g r e a t e r  i n  the  raw c o a l  than  i n  
the  c h a r s .  

TABLE 1.- Analys is  of c o a l  and cha r s  from the  tests t o  s tudy  t h e  
e f f e c t  o f  temperature  on the  o f f g a s  made d u r i n g  

s t eam-a i r  t rea tment  of P i t t sbu rEh  seam c o a l  
of 48-100 mesh s i z e  

Ana lys i s  Chars 
(as rece ived)  Coal  410" C 420" C 430' C 440' C 450' C 

Proximate,  percent  
Mo i s t u r  e 
V o l a t i l e  matter 
Fixed carbon 
Ash 

U l t i m a t e ,  percent  
Hydrogen 
Carbon 
Ni t rogen  
0.ygen 
S u l f u r  
Ash 

Heat ing  v a l u e ,  

1 . 5  0 .1  
36.0 27.2 
54.4 64.4 
8.1 8 .3  

5 .2  4 .5  
75 .2  77.3 

1 . 5  1.6 
' 7 . 9  6 .4  
2 . 1  1 . 9  
8.1 8 . 3  

0 . 1  
26.9 
64.6 

8 . 4  

4.4 
76 .9  
1.3 
7 . 1  
1 .9  
8 .4  

0 .3  0 .0  
25.9 23.4 
66.3 68.6 

6.9 8 . 0  

4.4 4.2 
78 .O 7 7  .O 

1 . 6  1 .6  
7.4 7 .4  
1 . 7  1 .8  
6 .9  8 .0  

0 .3  
22.7 
67 .9  

9 .1  

4 . 1  
76.1 

1 .6  
7 ; 2  
1 . 9  
9 . 1  

B t u / l b  13,410 -- 13,240 13,470 -- 13,130 
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The e f f e c t  of  p r e s s u r e  was s t u d i e d  a t  1, 5 ,  10, and 20 atmospheres 
u s i n g  steam p l u s  a i r  as t h e  f l u i d i z i n g  gas .  A mesh s i z e  of 150-200 was used  
so  t h a t  a lower f l u i d i z a t i o n  gas v e l o c i t y  could  be employgd. 
was no g r e a t  change due t o  p r e s s u r e .  
p l u s  a i r  w i t h  an oxygen-to-coal r a t i o  o f  0 . 3  c u b i c  f o o t  per  pound a t  430' C ,  
as the p r e s s u r e  was i n c r e a s e d  t h e  y i e l d  of carbon oxide  gases  decreased ,  
b u t  t h e  hydrocarbon y i e l d  i n c r e a s e d .  
a s  t h e  p r e s s u r e  was i n c r e a s e d ,  b u t  a t  a r a t e  l e s s  than l i n e a r l y .  Again, as 
i n  t h e  ba tch  t e s t s ,  t h e  p a r t i c l e s  seemed t o  explode when t h e  p r e s s u r e  w a s  
r e l e a s e d ,  probably because t rapped  gas i n  t h e  p a r t i c l e s  escaped on de- 
p r e s s u r i z a t i o n .  

Genera l ly  t h e r e  
Using a f l u i d i z i n g  gas m i x t u r e  of steam 

The amount of c o a l  throughput  i n c r e a s e d  

CONCLUSION 

The t e s t s  have demonstrated t h e  o p e r a b i l i t y  of  a s m a l l - s c a l e  cont inuous 
u n i t  designed t o  p r e t r e a t  h i g h l y  caking  c o a l  t o  remove i t s  c a k i n g  q u a l i t y .  
The p r i n c i p a l  d i f f e r e n c e  between r e s u l t s  of cont inuous  and b a t c h  o p e r a t i o n  
i s  t h e  need f o r  a h igher  oxygen c o n t e n t  of t h e  feed  gas  i n  cont inuous  flow. 
The minimum r e s i d e n c e  t i m e  r e q u i r e d  f o r  t h e  c o a l  t o  be i n  t h e  r e a c t o r  i s  
about  5 minutes  a t  430" C .  About 0.4 cubic  f o o t  of oxygen i s  needed i n  t h e  
t r e a t i n g  gas f o r  each pound of c o a l  t o  d e s t r o y  t h e  caking  q u a l i t y  of  P i t t s b u r g h  
seam c o a l .  Although t h e  optimum mesh s i z e  i s  18-100, f i n e r  mesh s i z e s  permi t  
less d r a s t i c  t r e a t m e n t .  However, f i n e r  mesh s i z e s  are more d i f f i c u l t  t o  
f l u i d i z e .  Minimum weight  loss was 10 p e r c e n t ,  which i s  e q u i v a l e n t  t o  10 p e r -  
c e n t  loss  of h e a t i n g  v a l u e  of t h e  o r i g i n a l  c o a l .  The e f f e c t  of p r e s s u r e  i s  

can be achieved a t  h i g h e r  p r e s s u r e s .  
compared t o  a tmospheric  p r e s s u r e .  However, h i g h e r  throughputs  

Steam p l u s  oxygen i s  t h e  d e s i r e d  f l u i d i z i n g  medium i f  bo th  t h e  char  and 
t h e  o f f g a s  a r e  t o  be u t i l i z e d  i n  a g a s i f i e r .  This r e s u l t s  i n  an advantage 
over  o t h e r  methods of t rea tment  because t h e  v o l a t i l e  m a t t e r  evolved dur ing  
t h e  p r e t r e a t m e n t  i s  n o t  removed from t h e  system. 
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Figure 1. Continuous fluidized-bed coal pretreater .  
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Figure 2. The effect of oxygen content of the fluidizing gas  and of 
temperature on the caking properties of Pittsburgh seam 
coal (18-100 mesh). The fluidizing gas  is iner t  gas  with 
oxygen content a s  noted. The average residence time of 
the char in the reactor  i s  19 minutes. 
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Figure 5. The effect of residence time and of temperature of pretreatment 
on the free-swelling index and the volatile mat ter  of the char 
from Pittsburgh seam coal (18-100 mesh; 0 .28-0.33 cu f t  
oxygen/lb coal feed). 
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The effect of mesh s ize  and temperature  on the free-swelling 
index of char made from Pittsburgh seam coal. (The oxygen/ 
coal feed ratio varied a s  noted; residence time is 14 minutes.) 
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The effect of temperature  on off gas made during s team-air  
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